Here we used a multigene sequencing approach for the identification and molecular typing of environmental mycobacteria of the fast-growing subgroup. Strains were isolated from hemodialysis water and clinical samples. Eleven type strains of related species of the genus were also included in this study. To gain further insight into the diversity of the environmental mycobacteria, we analyzed several housekeeping genes (16S rRNA, ITS1, gyrB, hsp65, recA, rpoB, and sodA). No individual phylogenetic tree allowed good discrimination of all of the species studied. However, a concatenated and a consensus analysis, combining the genes, allowed better discrimination of each strain to the species level, and the increase in sequence size also led to greater tree robustness. This approach is useful not only for the discrimination and identification of environmental mycobacteria but also for their molecular typing and studies of population genetics. Our results demonstrate high genetic diversity among the isolates obtained, which are probably new species of the genus.
In recent years, there has been a marked increase in the number of mycobacterial species for which valid descriptions are available (41, 42) . The genus Mycobacterium currently has more than 125 species, as denoted in J. P. Euzéby's List of Prokaryotic Names with Standing in Nomenclature (http://www.bacterio.cict .fr). This genus includes organisms that cause serious diseases in humans and animals. A first classification system on the basis of pigmentation and growth rate was introduced. Slow-growing mycobacteria, defined as those that showed growth in Ͼ7 days, were divided into the following categories: group I, photochromogens; group II, scotochromogens; group III, nonphotochromogens. Rapid-growing mycobacteria (RGM), defined as those showing growth in Ͻ7 days, were designated group IV. This classification is consistent with the genotypic taxonomy defined for the genus. Most pathogenic mycobacteria are slow growers. Other Mycobacterium species, some common in water, are included in the RGM group and occasionally infect humans. When isolated from samples taken from patients, these organisms are referred to as "atypical," "nontuberculous mycobacteria," or simply "environmental mycobacteria" (EM). EM colonize a wide range of surfaces, and because of their resistance to disinfectants they can survive in hospitals and cause nosocomial outbreaks (45) . EM have been increasingly implicated in human diseases, including nosocomial infections, pulmonary and disseminated diseases in immunocompromised patients, and a variety of other diseases (5, 49) . EM are ubiquitous (8, 13) and are found in many ecosystems, such as dust or soil (20, 26) . However, in most of these instances, water is proposed as a possible common vehicle of transmission. These bacteria have been isolated from treated drinking water (9, 25, 35) , hospital and clinic water systems (44) , water supplies in hemodialysis centers (6, 16) , and various other sites, including dental units (34) , ice machines (15, 24) , swimming pool and hot tub water (12, 19, 27) , metalworking fluid (28, 36) , and aerosols generated during the dismantling of moisture-damaged buildings (43) . This group of mycobacteria is heterogeneous in terms of epidemiology, clinical disease spectrum, and drug susceptibility and is now considered a group of emerging waterborne pathogens.
In the clinical laboratory, it is still difficult to identify and differentiate closely related species of mycobacteria by phenotypic and biochemical tests, particularly for some very common species. Phenotypic methods are relatively slow, require expertise, and often use nonstandardized reagents. The reference molecular method for identification is determination of the sequences of the 16S rRNA genes, but there are instances in which the sequences of these genes have been found to be very similar, if not identical, between species of the genus, thereby making it necessary to find alternative specific sequences. Other DNA sequences or genes present in all mycobacteria have been described for the differentiation of species, such as internal transcribed sequences between the 16S and 23S rRNA genes (ITS1) (32) ; dnaJ (39); hsp65, which encodes the 65-kDa heat shock protein (31, 38) ; gyrB, which encodes the ␤ subunit of DNA gyrase (10); recA, which has a crucial function in homologous DNA recombination; DNA damage repair, and induction of the SOS response (4); rpoB, which encodes the ␤ subunit of RNA polymerase (1); the gene for the 32-kDa protein (37); secA1, which codes for the essential protein SecA1, a key component of the major pathway of protein secretion across the cytoplasmic membrane (47) ; and sodA, which encodes the superoxide dismutase (48) . However, information gained from a single gene may be unreliable in indicating genetic relatedness among isolates, and none of these genes alone can, at present, differentiate all Mycobacterium species. The combined use of sequences of several genes opens up the possibility of increasing discriminatory power for identification and typing purposes, as proposed by Adékambi and Drancourt (2) and Devulder et al. (11) .
In a previous study, 60 isolates in R2A medium from hemodialysis water were grouped into 16 patterns of restriction fragment length polymorphism (RFLP) of the 16S rRNA gene after digestion with TaqI and HaeIII (16) . Twenty isolates (one, two, or three of each RFLP group) were selected for further analysis by a multigene sequencing approach, together with seven mycobacteria isolated from clinical specimens and previously classified phenotypically as atypical mycobacteria.
We sequenced the fragments of seven genes, the 16S rRNA gene, ITS1, gyrB, hsp65, recA, rpoB, and sodA (making a total of 2,994 to 3,174 nucleotides), and analyzed them for the 27 strains and for 11 related type strains. Data on other type strains were retrieved from publicly available databases. Here we examined genetic diversity and phylogenetic results by comparing the phylogenetic trees resulting from these data. We demonstrate how the concatenation or consensus analysis of several genes allows increased discriminatory power and provides a more robust phylogenetic tree. The usefulness of the sequenced genes for population genetic studies and molecular typing is also discussed. 
MATERIALS AND METHODS
Bacterial strains and culture conditions. A total of 60 EM were isolated in a previous study from a hemodialysis water distribution system at three sampling points, before and after a hyperchlorination step. Sixteen RFLP patterns in the 16S rRNA gene were detected. A minimum of one representative strain of each RFLP pattern was chosen for further analysis. The strains used were as follows: six strains from 17 isolates at point 1, five from 20 isolates at point 2, and one from 5 isolates at point 3 before hyperchlorination and two strains selected from 5 isolates at point 1 and four from 11 isolates at point 3 after hyperchlorination (16) . Seven additional isolates obtained from clinical samples at the Hospital Son Dureta (Palma de Mallorca, Spain) were also included, together with the most closely related 11 type strains of the genus, i.e., M. abscessus CCUG20993
. All of the strains used in this study are shown in Table 1 .
Strains were cultured in R2A medium (30) DNA extraction. Bacterial genomic DNA for PCR amplifications was obtained by lysis with sodium dodecyl sulfate at 1%, proteinase K (150 mg/ml), lysozyme (3 mg/ml), and mutanolysin (1.7 mg/ml). DNA was purified by the cetyltrimethylammonium bromide method, followed by two successive extractions with phenol-chloroform-isoamyl alcohol (25:24:1) and a final extraction with chloroformisoamyl alcohol (24:1). Total DNA was precipitated with absolute ethanol and sodium acetate at 3 M, pH 5.2. The pellet was washed with 70% ethanol and resuspended in a small volume of milliQ water (46) . PCR amplification and DNA sequencing. The 16S rRNA, ITS1, gyrB, hsp65, recA, rpoB, and sodA genes of the 38 strains were amplified and sequenced with the primers indicated in Table 2 , by following previously described procedures. PCR amplification was performed with a DNA thermocycler (Eppendorf). Individual reaction mixtures contained 5 l of a PCR buffer (Amersham Pharmacia Biotech, Inc.), 8 l of each of the nucleoside triphosphates (Roche Diagnostics GmbH) at a concentration of 100 M, and 2.5 l of each of the primers at a concentration of 10 M. For sequencing reactions, the same primers and conditions were used. The amplified products were purified with montage PCR centrifugal filter devices (Millipore) and sequenced with an automatic AB3730 DNA analyzer (Applied Biosystems).
Sequence analysis. Gene sequences were aligned with the closest relatives retrieved from the BLAST nucleotide sequence database. The alignment was done by a hierarchical method for multiple alignments implemented in the CLUSTAL X computer program (40) . Automatically aligned sequences were checked manually. Evolutionary distances derived from sequence pair dissimilarities (Jukes-Cantor correction [22] ) were calculated with the DNADIST program included in the Phylogenetic Inference Package (PHYLIP version 3.5c) (14) . Phylogenetic trees were constructed by the neighbor-joining distance method. Bootstrap analysis (1,000 replicates) was done with the PHYLIP package. Bootstrap values higher than 500 are indicated in the corresponding trees. Topologies of the trees were visualized with the TreeView program (29) . In addition to the trees for each gene, a concatenated analysis (11) and a consensus analysis of the sequenced gene fragments were performed (7) .
Allele diversity, nucleotide diversity, and statistical analysis. Allele and nucleotide diversities were calculated with the DnaSP package, version 3.51 (Faculty of Biology, University of Barcelona; http://www.ub.es/DnaSP) (33) . For identification purposes, distinct allele sequences were assigned arbitrary allele numbers for each locus. For each isolate, the combination of alleles obtained at each locus defined its allelic profile. Each allelic profile constitutes a sequence type (ST). Clustering of STs was performed with the Sequence Type Analysis and Recombinational Tests (START) program (21) . The matrix of pairwise distances between the allelic profiles was converted to NEXUS files, and the split decomposition was analyzed with the SplitsTree program (www.splitstree.org) (18) .
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study (see Table S1 in the supplemental material) have been deposited in the EMBL database under the following accession numbers: 16S rRNA gene, AM421246 to AM421252; ITS1, AM421253 to AM421293; gyrB, AM421294 to AM421331; hsp65, AM421332 to AM421355; recA, AM421356 to AM421378 and AM501932; rpoB, AM421379 to AM421404; sodA, AM421405 to AM421429.
RESULTS
Phylogenetic analysis. A total of 3,187 nucleotides, corresponding to seven genes, were determined for most of the strains studied (see Table S1 in the supplemental material), i.e., the 16S rRNA gene (715 to 1,400 bp), ITS1 (140 to 193 bp), gyrB (218 bp), hsp65 (307 bp), recA (664 bp), rpoB (643 to 658 bp), and sodA (325 bp). Interspecies sequence similarities for the type strains varied from 95.52 to 100% (16S rRNA gene), 85.91 to 96.67% (gyrB), 84.09 to 100% (hsp65), 85.05 to 100% (recA), 82.93 to 100% (rpoB), and 86.18 to 100% (sodA).
Two bands of ITS1 were detected in three clinical isolates (MHSD5, MHSD6, and MHSD11) and three type strains (M. fortuitum, M. mucogenicum, and M. peregrinum). In these three isolates and in the M. peregrinum type strain, the double bands were separated by agarose gel electrophoresis, eluted, and sequenced. In the other two type strains, both bands were separated and eluted but only one could be sequenced. The primers and conditions used did not allow the sequencing of the ITS1 region in one clinical isolate (MHSD12). tRNA coding sequences were not found in any of the ITS1 genes studied.
As a first step, individual trees were analyzed separately. The strains studied were considered as RGM and fell within the RGM phylogenetic branch, as defined by Devulder et al. (11) when considering the 16S rRNA gene sequences. Five clearly differentiated groups supported by high bootstrap values were delineated in the 16S phylogenetic tree (Fig. 1), The phylogenetic tree of the ITS1 region was clearly split into two clusters, maintaining the same groupings as defined in the 16S tree, excepting the M. mucogenicum and M. aubagnense type strains, which clustered with group I. Phylogenetic distances between strains were much higher, thereby providing better discrimination. In the case of double bands, they were not identical in sequence and were located in the same phylogenetic branch, but in some cases close to two distinct type Similarity values between type strains were lower and were more discriminative for the gyrB gene than for the 16S rRNA gene (see Fig. S1b in the supplemental material) . Clinical isolates in group III were affiliated with the same phylogenetic branch as in the 16S rRNA gene. MHSD5 and MHSD6 were more closely related to M. peregrinum than to M. septicum in the gyrB tree, as well as in the other gene trees studied. MHSD4 and MHSD11 were grouped with the M. fortuitum type strain in all of the genes studied, except sodA and rpoB. Environmental strains of groups I and V were grouped in the same branch as M. chelonae. Strains MG20 and MG19 of group IV clustered separately with M. aubagnense.
In the hsp65 analysis (see Fig. S1c in the supplemental material), group I isolates were split into two branches, one with the M. chelonae and M. immunogenum type strains and the other with M. abscessus, M. bolletii, and M. massiliense, with similarities lower than 90%. One strain of group I (MG8) was affiliated with the group V strains.
In the recA analysis (see Fig. S1d in the supplemental material), all strains maintained the same groupings, except MG14 of group V, which clustered with the group I strains. The recA gene, together with hsp65, also allowed better discrimination of group I strains than did the 16S rRNA gene. In the rpoB analysis (see Fig. S1e in the supplemental material), the same groupings as in the 16S rRNA gene analysis were maintained, with only one exception: MG5 of group I clustered with the strains of group V. The strains of groups IV and V were not well differentiated and clustered in the same phylogenetic branch.
The group V strains were in the same phylogenetic branch in the sodA analysis (see Fig. S1f in the supplemental material) . Strains MHSD5 and MHSD6 were closely related to M. peregrinum. However, the other new strains, environmental and clinical, were grouped with M. fortuitum, a member of group III. The type strains of group I, as well as MHSD2, were affiliated in the same branch.
The congruence of individual trees, despite individual cases like MHSD12, allowed the concatenation of the sequences studied in order to construct a more robust phylogeny of these environmental and clinical RGM. The concatenated analysis considered five genes (approximately 2,731 bp); the ITS1 and gyrB data sets were incomplete and were not included. Figure  2 shows the concatenated tree. Six strains (MG6, MG10, MG20, MG11, MG1, and MG19) were not included in the global analysis because we were unable to sequence some genes (see Table S1 in the supplemental material). The robustness of the concatenated tree was demonstrated by the high bootstrap values at all branches. All of the strains clustered in the same groups as in the 16S rRNA gene analysis, except MG5 (from group I to group V) and M. aubagnense (from group V to group IV). Moreover, groups I and III were clearly split into two or three subgroups, i.e., Ia, Ib, IIIa, IIIb, and IIIc. M. conceptionense from group II clustered with the group IIIc strains. The grouping of environmental strains of group V was maintained.
Another type of analysis, allowing the inclusion of all of the genes and most of the strains, is the construction of a consen- sus or agreement tree (7), as indicated in Fig. 3 . MG10 was not included in the analysis because only three genes were sequenced. The topology of the resulting tree was the same as in the concatenated analysis. MG19 and MG20, which were not in the concatenated tree, clustered in the consensus tree with the type strains of groups IV (M. mucogenicum and M. phocaicum) and V (M. aubagnense). Multilocus sequence typing. The sequenced genes were analyzed to determine their usefulness for typing purposes and for genetic population analysis. The number of polymorphic sites in the seven loci studied varied from 53 (gyrB) to 191 (ITS1) in the 38 strains (Table 3) . The inferred nucleotide and genetic diversity observed is adequate for genetic population analysis. The number of alleles per locus varied accordingly, from 17 (hsp65) to 28 (sodA), and the allelic profile of each strain is shown in Table 4 . No two isolates had identical allelic profiles, except MHSD5 and MHSD6, which were identical in the six genes studied. These two strains were isolated from sputum specimens from two patients.
A splits tree was constructed to determine possible lateral gene transfers in the population of mycobacteria studied. Strains of groups Ia and V, defined in the consensus and concatenated trees, might have two or three identical genes (Fig. 4) . Groups IIIb and IV represent two different clonal populations. The only alleles that might be shared by two type strains were the 16S rRNA gene and hsp65 (M. mucogenicum and M. phocaicum), but no recombination was detected between type strains. M. chelonae shared only the 16S rRNA gene allele with EM isolates of group Ia and the hsp65 allele with clinical isolate MHSD3 of the same phylogenetic group, Ia. MG5 also had the 16S rRNA gene allele in common with MHSD11 of group IIIa. Group V isolates remained clustered, showing a range of possible recombinations in the gyrB, hsp65, recA, rpoB, and sodA alleles.
DISCUSSION
In most studies of EM in water distribution systems, isolates are not identified to the species level. The difficulty in isolate identification has been widely reported, and in most cases isolates are ascribed to taxa with no standing in the nomenclature, such as "M. chelonae-like organisms," or as members of the "M. fortuitum complex." In the present work, we demonstrate that 16S rRNA gene sequence analysis alone is a valuable tool for the characterization of EM but is not sufficient to identify most of the environmental isolates. 16S rRNA gene partial sequence analysis shows that several species have identical sequences, even considering the complete sequence, i.e.,
M. abscessus-M. bolletii-M. chelonae-M. massiliense, M. septicum-M. peregrinum
, and most of the species of the M. fortuitum complex. Therefore, we integrated additional housekeeping genes into the analysis (gyrB, hsp65, recA, rpoB, and sodA) which are relatively variable and present in all mycobacteria species. ITS1 is a good region for strain discrimination, but the presence of double bands in some cases does not allow a consensus analysis with the other genes.
rpoB has been proposed as an additional method to 16S rRNA gene-based identification of mycobacteria (3). This method has been used to support the delineation of new species; however, in some circumstances it does not show enough discriminatory power.
The hsp65 gene is also more variable than the 16S rRNA gene. Species from group I were better discriminated from each other. For example, the M. abscessus, M. bolleti, and M. massiliense type strains differed by nearly 30 nucleotides from M. chelonae, whereas their partial 16S rRNA genes were identical. As described by Ringuet et al. (31) , nucleotide differences are found along the length of the amplified hsp65 fragment but are frequent in two regions, probably hypervariable regions of the hsp65 gene.
Nucleotide sequences of gyrB were clearly more variable than the 16S rRNA gene, with 53 polymorphic sites of 218 nucleotides (24.53%). This difference was observed not only between type strains of group I (M. abscessus-M. bolletii-M. chelonae) and the M. fortuitum group (M. fortuitum-M. peregrinum) but also between the species within each group. These differences were not as evident in our environmental isolates (except MG19 and MG20), which clustered in the same branch close to M. chelonae, independently of their initial affiliation in the 16S rRNA gene sequence.
Analysis of the recA gene revealed the presence of a large number of nucleotide substitutions among the species tested. Unlike the 16S rRNA gene or hsp65, in which variability is confined to certain areas of the gene, the variability occurred throughout the recA gene. The analysis of the sodA gene also showed that it is a variable gene with 69 polymorphic sites out of 325 (21.23%). This analysis allowed good discrimination for group V strains but not for members of groups I and IV.
The discriminatory power of the concatenated and consensus trees was higher than that observed with only the 16S rRNA gene. The absence of discriminatory power of some genes related to certain species is compensated for by that of others. Members of group V clustered in all of the genes analyzed, and one gene might be enough for their identification. However, for the characterization of members of group I, additional genes were considered. Therefore, the use of several genes allowed the discrimination of each strain to the species level; furthermore, the increase in sequence size led to a considerable increase in tree robustness, thereby increasing bootstrap values in nodes.
Taking a distance of 1% as a discriminative species value in the consensus tree, we assigned our clinical isolates to the species M. fortuitum (MHSD4 and MHSD11) and M. peregrinum (MHSD5 and MHSD6). However, the hemodialysis water isolates, with a minimal distance of 4% from the closest type strain, cannot be ascribed to any known species and on the basis of phylogenetic distances could be considered representatives of at least four species. However, the definitive proposal of a new species requires a detailed phenotypic identification, which has not yet been done.
The 20 EM studied are representative of the 60 isolates obtained in a previous study. All showed distinct allele combinations; that is, each strain is representative of a different ST, indicating high genetic diversity of the isolates. The same situation can be devised for five of the clinical isolates, and only two (MHSD5 and MHSD6) had identical allelic profiles. Possible recombination events were detected only between isolates of group Ia or between isolates of group IV. The possibility of genetic exchange in each group, but not with strains of a distinct group, supports the hypothesis that these two groups represent genetically closely related strains of new species that have not been described to date. MG4  I  7  10  7  5  3  5  8  1  MG2  I  6  11  1  9  1  1  7  2  MG19  IV  14  8  22  10  15  3  MHSD11  III  12  5  18  14  22  21  1  4  MHSD12  III  11  10  14  23  22  15  5  MHSD2  I  7  18  13  15  9  8  21  6  MHSD3  I  7  13  6  6  4  3  10  7  MHSD4  III  12  6  17  14  21  20  11  8  MHSD5  III  9  1  9  11  18  23  13  9  MHSD6  III  9  1  9  11  18 On the basis of our results, we conclude that the diversity of EM in hemodialysis water is very high and that these EM have not been described previously for this type of oligotrophic environment. The detection of these new types of EM could be attributed to the procedure used for their isolation. In contrast to the medium usually used for mycobacteria, such as Middlebrook or Lowenstein-Jensen medium, R2A medium is nonselective. Moreover, the samples were not "decontaminated" with NaOH, a procedure which is commonly used when isolating mycobacteria. This decontamination step might result in a loss of sensitive mycobacteria and a bias in their recovery (17) .
We demonstrate the high discriminatory power of the multigene approach used in this study, thereby confirming its usefulness not only for species discrimination and identification in EM but also for their molecular typing. This typing scheme is required when testing water as a source of waterborne pathogens in epidemiological studies.
